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Abstract: Synovial fluid is a lubricant of the synovial joint that shows remarkable tribological
properties. These properties originate in the synergy between its components, with two of its
major components, glycosaminoglycans (GAGs) and phospholipids (PLs), playing a major role in
boundary and mixed lubrication regimes. All-atom molecular dynamic simulations were performed
to investigate the way these components bond. Hyaluronic acid (HA) and chondroitin sulphate
(CS) bonding with three types of lipids was tested. The results show that both glycosaminoglycans
bind lipids at a similar rate, except for 1,2-d-ipalmitoyl-sn-glycero-3-phosphoethanolamine lipids,
which bind to chondroitin at a much higher rate than to hyaluronan. The results suggest that different
synovial fluid lipids may play a different role when binding to both hyaluronan and chondroitin
sulphate. The presented results may help in understanding a process of lubrication of articular
cartilage at a nanoscale level.
Keywords: synovial fluid; osteoarthritis; hyaluronic acid; chondroitin sulphate; phospholipids;
molecular dynamics simulation; hydrogen bond; water bridges
1. Introduction
The joint surfaces covered with cartilage are separated by a thin layer of joint fluid called synovial
fluid (SF). Synovial fluid fulfils a number of functions, the most important of which are a reduction of
friction during the mutual movement of joint surfaces, increasing the uniformity of load distribution on
cartilage surfaces and nutrition as a result of pressing and squeezing the fluid from its volume under
the influence of mechanical loads. Because cartilage does not have its own blood vessel networks,
its nutrition is based on the diffusion of nutrients from synovial fluid.
Articular cartilage is composed of cartilage cells—chondrocytes submerged in the extracellular
matrix (ECM) [1]. The main matrix components are collagen fibers, which form a scaffold that gives
cartilage shape, cohesion and mechanical properties. The spaces between the fibers are filled with
high-molecular proteins and glycosaminoglycan (GAG) complexes called proteoglycans. Proteoglycans,
like fibers, form their own spatial structures with a scaffolding character that has the ability to bind
large amounts of water [2–5]. Proteoglycans are responsible for the correct work of cartilage (i.e.,
appropriate flexibility, and the ability to absorb mechanical loads and transfer them from one bone
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surface to another). One of the most important proteoglycans (Figure 1) in the joint cartilage matrix
is aggrecan, which consists of chains of chondroitin sulphate (CS) and keratan sulphate (KS) that
are attached to the protein core. These particles attach to hyaluronic acid (HA) molecules to form a
proteoglycan aggregate. This aggregate usually contains more than 100 CS chains and about 20–50 KS
chains. Phospholipids (PLs) play an important role in joint lubrication. In the hydrodynamic model
of joint lubrication, it is assumed that few bilayers of phospholipids are formed in the joint, with a
total thickness per bilayer of about 5 nm [6,7]. Phospholipids are organized in the layer as a result of
electrostatic forces between the phospholipid head and cartilage and their polarization.
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2. Materials and Methods
HA, CS-4 and CS-6 structure modification with YASARA Structure software (Vienna, Austria) [11]
is described in [12]. Three types of phospholipids—DPPC, DPPE, and SPH (Figure 3)—were used
to look at their interactions with the abovementioned glycosaminoglycans. Molecules were placed
randomly in a simulation box that was followed by system minimization with a time step of 1 fs.
Next, water molecules were added, followed with another 1000-step minimization with a 1-fs time
step. The total number of atoms in all the cases was ~150,000, including water molecules (4400 of
GAGs, and 7500 of PL). Isothermal–isobaric ensemble all-atom simulations were performed under the
following conditions: temperature 310 K, pH = 7.0 in 0.9% NaCl (0.154 M) aqueous solution (a four-site
(TIP3P) model of water [13]), with a timestep of 2 fs. Berendsen barostat [14] with a relaxation time
of 1 fs were used to maintain constant temperature and pressure. The final concentrations of HA
and CS were the same, CCS = CHA= 5·10−7 M, and both molecules were of the same weight—40 kDa.
Concentrations used were chosen to enable PL molecules to bind to GAGs in a relatively short time,
and thus they do not refer to any value taken from the literature.
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2.1. Molecular Dyna ics Force Field
AMBER03 all-atom force field [15] was applied to perform simulations of hyaluronan, chondroitin
4-, chondroitin 6- and phospholipid molecules in the aqueous solution. The AMBER03 potential
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function describing interactions among particles takes into account electrostatic, van der Waals, bond,
bond angle and dihedral terms, and was previously described in [12].
2.2. Hydrogen Bond Identification
We utilized the YASARA definition of a hydrogen bond (H-bond), where an H-bond is considered
formed when the hydrogen bond energy is greater than 6.25 kJ/mol, which is 25% of the optimum
value of 25 kJ/mol. The following formula yields the bond energy in kJ/mol as a function of the
hydrogen–acceptor distance and two scaling factors:
EHB = 25·2.6 − max(DisH−A,2.1)0.5 ·ScaleD−A−H·ScaleH−A−X (1)
where the first scaling factor depends on the angle formed by donor–hydrogen–acceptor, and the
second scaling factor is derived from the angle formed by hydrogen–acceptor–X, where the X stands
for the atom covalently bound to the acceptor.
Both scaling factors vary from 0 to 1 as follows:
ScaleH−A−X

0
α−100
165−100
1
in range 0..100 degrees
in range 100..165 degrees
in range 165..180 degrees
(2)
if X is a heavy atom, the second scaling factor is
ScaleH−A−X

0
α−85
95−85
1
in range 0..85 degrees
in range 85..95 degrees
in range 95..180 degrees
(3)
if X is a hydrogen atom, slightly smaller angles are allowed, and the scaling factor is then
ScaleH−A−X

0
α−75
85−75
1
in range 0..75 degrees
in range 75..85 degrees
in range 85..180 degrees
(4)
where α is an angle between three chosen atoms. If the acceptor forms more than one hydrogen bond,
the one with the lowest scaling factor is taken. All scaling factors in their middle cases are linear
functions [16].
Solvent accessible surface as evaluated in this study consists of all the points that the center of the
water probe (i.e., the nucleus of the oxygen atom in the water molecule) can reach while rolling over
the solute, nd the procedure for calculating this variable is been presented in [17,18].
3. Results
The final structure of the two chosen examples has been presented in Figure 4. Specific H-bonds
between chosen GAGs and PLs have been presented in Figure 5. Solvent accessible surface (SAS)
is a useful variable in showing the structure dynamics of proteins, biopolymers, and so on [15,19].
The changes of GAG SASs are shown in Figure 6. The difference in behavior of CS-4 can be a result
of a much higher affiliation with PLs. Namely, PLs in this case create more compact structures with
CS-4, disabling water from penetrating its network more deeply. All phospholipids present in the
system were adsorbed at the GAG surfaces. Figure 7 presents the time evolution for a number of
intermolecular H-bonds. Among all cases, only HA-DPPC and CS-DPPE systems did not reach the
plateau, but as there are significant differences between all systems we were more interested in the
H-bond distribution rather than a steady state, as the differences can be insignificant. On the other
Materials 2019, 12, 2060 5 of 11
hand, the total number of intermolecular water bridges reached the plateau after ~10 ns, as one can see
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In the next step we have listed all H-bond pairs between (i) PLs and GAGs, and (ii) water and
other molecules. From the water-involved H-bonds, we have selected those that, at an analyzed time
step, connected to those that bound to both molecules, which we call a “water bridge”. If a selected
pair appeared in the simulation more than once, it was treated as a single hydrogen bond. However,
we counted the number of particular pairs to estimate the H-bond duration. The results of this analysis
have been presented in Figures 9–12. Figure 9 shows that there is a difference of bonding sites for both
GAGs depending on the PLs used. The difference in H-bond duration presented in Figure 11 show that
there CS-4 exhibit longer lasting bonding with PLs. Water bonding duration, see Figure 12, show that
there is no significant changes between cases.
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Figure 12. Intermolecular water bridge duration GAG–PLs: (a) HA, (b) CS-6, (c) CS-4.
4. Discussion
Disturbances in joint surface lubrication cause the friction coefficient between joint surfaces to
increase, resulting in further damage of the cartilage. This leads to various diseases (e.g., osteoarthritis).
It is therefore necessary to know the processes occurring between the individual components of this
fluid that affect its properties.
This study seeks to present a difference in affinity between the chosen GAGs and phospholipids
present in the synovial fluid system. Our results give more molecular details to interactions, as we
present the mechanism of H-bond and water bridge creation between specific sites inside and
between molecules.
The synergy in the SF system has been shown to be the key to understanding the remarkable
properties of SF [20–22]. HA is the major component of SF and the most important molecule regarding its
shock-absorbing properties [9]. Thus, HA interactions with PLs are of importance [23,24]. Osteoarthritis
is connected with an increased concentration of PLs, as well as a change in the polydispersity of
HA [25–31]. Figures 7 and 8 show that HA s less reactive in bonding PL than CS. This is a result of the
presence of SO4 group in CS that promote the formation of more-direct H-bonds and the vast majority
of water bridges. This will likely influence the stiffness of both chains, as there is a limited number of
H-bonds that a single atom can create. Figure 9 show that DPPC lipid can only bind only to five sites
in both HA and CS. On the other hand DPPE can bind to all sites in both molecules. Besides being an
additional factor, the creation of intermolecular water bridge binding can change a local organization
of solvents, thus modifying GAG properties (presented in Figure 10). However, the intermolecular
water bridges would have a smaller effect, as they are shorter than direct H-bonds, as presented in
Figures 11 and 12, respectively. The intramolecular H-bonds inside HA, as well as the creation of water
bridges inside its molecule, increase its persistence length. Thus, the presence of more complex PL
aggregates can highly affect its stiffness. On the other hand, PLs themselves can replace the stiffness of
water supporting GAGs.
Our future work will focus on presenting a change in persistence length of GAGs as affected by
the presence of PLs. In this study, our goal was to present how both molecular species bind with one
another depending on the type of both lipid and GAG used.
Materials 2019, 12, 2060 10 of 11
Author Contributions: P.B., A.M. and T.T. conceptualization, P.B. Investigation and Methodology; P.B., A.M.
Formal analysis and Data validation. P.B., A.M., and T.M. Writing—original draft. T.T. Writing—review and
editing. All authors read, approved and revised the final manuscript.
Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Sophia Fox, A.J.; Bedi, A.; Rodeo, S.A. The basic science of articular cartilage: Structure, composition,
and function. Sports Health 2009, 1, 461–468. [CrossRef]
2. Buckwalter, J.A.; Mankin, H.J. Articular cartilage, part 1: Tissue design and chondrocyte-matrix interaction.
J. Bone Jt. Surg. Am. 1997, 79, 600–611. [CrossRef]
3. Mow, V.C.; Ratcliffe, A. Structure and Function of Articular Cartilage and Meniscus, 2nd ed.; Lippincott-Raven:
Philadelphia, PA, USA, 1997.
4. Linn, F.C.; Sokoloff, L. Movement and composition of interstitial fluid of cartilage. Arthritis Rheum. 1965, 8,
481–494. [CrossRef]
5. Maroudas, A. Physiochemical properties of articular cartilage. In Adult Articular Cartilage;
Freeman, M.A.R., Ed.; Pitman Medical Publishing: Kent, UK, 1979; pp. 215–290.
6. Wierzcholski, K. Joint cartilage lubrication with phospholipid bilayer. Tribologia 2016, 266, 145–157. [CrossRef]
7. Bełdowski, P.; Weber, P.; Andrysiak, T.; Ii, W.A.; Ledzin´ski, D.; De Leon, T.; Gadomski, A. Anomalous
Behavior of Hyaluronan Crosslinking Due to the Presence of Excess Phospholipids in the Articular Cartilage
System of Osteoarthritis. Int. J. Mol. Sci. 2017, 18, 2779. [CrossRef] [PubMed]
8. Buckwalter, J.A.; Martin, J. Degenerative join disease. Clin. Symp. 1995, 47, 1–32. [PubMed]
9. Cummings, N.A.; Nordby, G.L. Measurement of synovial fluid pH in normal and arthritic knees.
Arthritis Rheum. 1966, 9, 47–56. [CrossRef]
10. Bole, G.G.; Peltier, D.F. Synovial fluid lipids in normal individuals and patients with rheumatoid arthritis.
Arthritis Rheum. 1962, 5, 589–601. [CrossRef] [PubMed]
11. Krieger, E.; Vriend, G. New ways to boost molecular dynamics simulations. J. Comput. Chem. 2015, 36,
996–1007. [CrossRef] [PubMed]
12. Andrysiak, T.; Bełdowski, P.; Siódmiak, J.; Weber, P.; Ledzin´ski, D. Hyaluronan-Chondroitin Sulphate
Anomalous Crosslinking Due to Temperature Changes. Polymers 2018, 10, 560. [CrossRef] [PubMed]
13. Mark, P.; Nilsson, L. Structure and Dynamics of the TIP3P, SPC, and SPC/E Water Models at 298 K. J. Phys.
Chem. A 2001, 105, 9954–9960. [CrossRef]
14. Berendsen, H.J.C.; Postma, J.P.M.; van Gunsteren, W.F.; DiNola, A.; Haak, J.R. Molecular dynamics with
coupling to an external bath. J. Chem. Phys. 1984, 81, 3684–3690. [CrossRef]
15. Duan, Y.; Wu, C.; Chowdhury, S.; Lee, M.C.; Xiong, G.; Zhang, W.; Yang, R.; Cieplak, P.; Luo, R.; Lee, T.; et al.
A point-charge force field for molecular mechanics simulations of proteins based on condensed-phase
quantum mechanical calculations. J. Comput. Chem. 2003, 24, 1999–2012. [CrossRef] [PubMed]
16. Connoly, M.L. Analytical molecular surface calculation. J. Appl. Cryst. 1983, 16, 548–558. [CrossRef]
17. Richmond, T.J. Solvent accessible surface area and excluded volume in proteins. Analytical equations for
overlapping spheres and implications for the hydrophobic effect. J. Mol. Boil. 1984, 178, 63–89. [CrossRef]
18. Mohammadiarani, H.; Vashisth, H.; Neubig, R.R.; Shaw, V.S. Differential Protein Dynamics of Regulators of
G-Protein Signaling: Role in Specificity of Small-Molecule Inhibitors. J. Am. Chem. Soc. 2018, 140, 3454–3460.
19. Krieger, E.; Dunbrack, R.L., Jr.; Hooft, R.W.; Krieger, B. Assignment of protonation states in proteins and
ligands: Combining pKa prediction with hydrogen bonding network optimization. Methods Mol. Biol. 2012,
819, 405–421.
20. Kwiecinski, J.; Dorosz, S.; Ludwig, T.; Abubacker, S.; Cowman, M.; Schmidt, T. The effect of molecular weight
on hyaluronan’s cartilage boundary lubricating ability—Alone and in combination with proteoglycan 4.
Osteoarthr. Cartil. 2011, 19, 1356–1362. [CrossRef]
21. Seror, J.; Zhu, L.; Goldberg, R.; Day, A.J.; Klein, J. Supramolecular synergy in the boundary lubrication of
synovial joints. Nat. Commun. 2015, 6, 6497. [CrossRef]
Materials 2019, 12, 2060 11 of 11
22. Das, S.; Banquy, X.; Zappone, B.; Greene, G.W.; Jay, G.D.; Israelachvili, J.N. Synergistic Interactions between
Grafted Hyaluronic Acid and Lubricin Provide Enhanced Wear Protection and Lubrication. Biomacromolecules
2013, 14, 1669–1677. [CrossRef]
23. Wieland, D.C.F.; Degen, P.; Gayer, S.; Raj, A.; An, J.; Claesson, P.; Willumeit-Römer, R.; Zander, T.; De˙dinaite˙, A.
Structure of DPPC–hyaluronan interfacial layers – effects of molecular weight and ion composition. Soft Matter
2016, 12, 729–740. [CrossRef] [PubMed]
24. Bełdowski, P.; Weber, P.; De˙dinaite˙, A.; Claesson, P.M.; Gadomski, A. Correction: Physical crosslinking of
hyaluronic acid in the presence of phospholipids in an aqueous nano-environment. Soft Matter 2018, 14,
9730. [CrossRef] [PubMed]
25. Hari, G.G.; Hales, C.A. Chemistry and Biology of Hyaluronan; Elsevier Science: Amsterdam, The Netherlands,
2008; ISBN 9780080472225.
26. Kosinska, M.K.; Ludwig, T.E.; Liebisch, G.; Zhang, R.; Siebert, H.-C.; Wilhelm, J.; Kaesser, U.; Dettmeyer, R.B.;
Klein, H.; Ishaque, B.; et al. Articular Joint Lubricants during Osteoarthritis and Rheumatoid Arthritis
Display Altered Levels and Molecular Species. PLoS ONE 2015, 10. [CrossRef] [PubMed]
27. Snelling, S.; Rout, R.; Davidson, R.; Clark, I.; Carr, A.; Hulley, P.; Price, A.; Hulley, P. A gene expression study of
normal and damaged cartilage in anteromedial gonarthrosis, a phenotype of osteoarthritis. Osteoarthr. Cartil.
2014, 22, 334–343. [CrossRef] [PubMed]
28. Nishimura, M.; Yan, W.; Mukudai, Y.; Nakamura, S.; Nakamasu, K.; Kawata, M.; Kawamoto, T.; Noshiro, M.;
Hamada, T.; Kato, Y. Role of chondroitin sulphate-hyaluronan interactions in the viscoelastic properties of
extracellular matrices and fluids. Biochim. Biophys. Acta 1998, 1380, 1–9. [CrossRef]
29. Band, P.A.; Heeter, J.; Wis´niewski, H.G.; Liublinska, V.; Pattanayak, C.W.; Karia, R.J.; Stabler, T.; Balazs, E.A.;
Kraus, V.B. Hyaluronan molecular weight distribution is associated with the risk of knee osteoarthritis
progression. Osteoarthr. Cartil. 2015, 23, 70–76. [CrossRef]
30. Temple-Wong, M.M.; Ren, S.; Quach, P.; Hansen, B.C.; Chen, A.C.; Hasegawa, A.; D’Lima, D.D.; Koziol, J.;
Masuda, K.; Lotz, M.K.; et al. Hyaluronan concentration and size distribution in human knee synovial fluid:
Variations with age and cartilage degeneration. Arthritis Res. Ther. 2016, 18, 18. [CrossRef]
31. Lee, D.W.; Banquy, X.; Das, S.; Cadirov, N.; Jay, G.; Israelachvili, J. Effects of molecular weight of grafted
hyaluronic acid on wear initiation. Acta Biomater. 2014, 10, 1817–1823. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
